One of the characteristic features of the lupus syndrome in humans and mice is the organ-specific accumulation of leukocytes within a variety of different tissues; however, the etiology of this phenomenon remains unclear. The work presented here determined the role of intercellular adhesion molecule (ICAM)-1 in the development of pulmonary leukocyte accumulation by generating MRL/MpJ-Fas lpr mice that are genetically deficient in this critical adhesion molecule. Interestingly, these MRL/MpJ-Fas lpr ICAM-1 knockout mice exhibit prolonged survival times compared to littermates expressing ICAM-1. We have determined that lack of ICAM-1 completely abrogates the development of pulmonary inflammation but does not prevent the development of autoantibodies, lymphadenopathy, and glomerulonephritis. Furthermore, the lack of pulmonary inflammation was found to be due to decreased migration of leukocytes to the lung rather than decreased in situ proliferation of cells. ( J. Clin. Invest. 1997. 100:963-971.)
Introduction
Systemic lupus erythematosus (SLE) is a multifactorial polygenic autoimmune disease which manifests as a diverse array of pathologies such as glomerulonephritis, vasculitis, and arthritis (1) . Several murine models of this disease have contributed significantly to our understanding of the human disease, since most of the immunologic abnormalities exhibited in human lupus are also present in mouse models (2). In particular, the MRL/MpJ-Fas lpr mouse spontaneously develops acute disseminated autoimmune disease which manifests as glomerulonephritis, vasculitis, and arthritis (3) . Disease progression in these mice is characterized by hypergammaglobulinemia and autoantibody production as well as lymphoid hyperplasia (4, 5) . This hyperplasia results in large accumulations of leukocytes within lymphoid and nonlymphoid tissues. Lymphoid infiltration in other organs is most prominent in the lung and in the kidneys (2, 6). The lpr defect is due to a mutation in the gene encoding for Fas, a cell surface apoptosis molecule that belongs to the TNF-receptor gene family (7) . The characteristic lymphadenopathy and autoimmune disease which develop in lpr mice have been attributed to a Fas apoptosis defect in which activated T cells do not undergo activation-induced cell death (8) . The importance of mutations in the Fas gene in human disease was highlighted recently by a report in which patients showed autoimmune lymphoproliferative disease in association with Fas gene defects (9) . Although the hyperproliferative features of leukocytes in these mice seem to correlate with the Fas defect, the abnormal migration of these leukocytes to particular tissues and its connection to organ-specific autoimmunity are not understood. Therefore, the critical question as to the mechanism by which these leukocytes migrate to particular tissues remains unanswered.
Emigration of leukocytes from the circulation into surrounding tissues involves a series of events that have been described as ( a ) initial rolling of leukocytes on inflamed vascular endothelium; ( b ) activation of leukocytes by chemoattractants; ( c ) firm attachment to the blood vessel walls mediated by interaction between integrins and their ligands; and ( d ) transendothelial migration (10) (11) (12) . Therefore, accumulation of leukocytes at a particular site may occur as a result of an abnormality arising at any of these steps in the interaction between leukocytes and vascular endothelium. Several studies have documented enhanced adhesion molecule expression in both leukocytes and endothelium during acute inflammation such as in allergic pulmonary disease (13) and nephritis (14) . Vascular adhesion molecules are also upregulated during chronic inflammatory conditions, for example during autoimmune diseases such as arthritis, glomerulonephritis, diabetes, and thyroiditis (15) . However, although activated vascular endothelium may contribute to inflammation by stimulating leukocyte migration, the precise mechanisms responsible for the accumulation of leukocytes into the lung or kidney during lupus remain unknown.
Intercellular adhesion molecule-1 (ICAM-1), 1 a ligand for the CD18 family of integrins, is normally expressed on several nonhematopoietic cell types and can be strongly upregulated on epithelial and endothelial cells by a variety of cytokines during inflammation (16) . Although ICAM-1 is thought to function as an adhesion molecule that promotes leukocyte migration and extravasation, it may also act as a costimulatory molecule that under the right conditions results in T cell proliferation (17) . Increased expression of ICAM-1 has been documented in several autoimmune diseases in humans and mice, including SLE (15) . In particular, ICAM-1 expression is augmented in mesangial and tubular epithelial cells in lupus nephritis, and has been suggested to be a possible indicator of disease severity (18) . Similarly, kidneys from MRL/MpJ-Fas lpr mice show enhanced expression of ICAM-1 within the glomerular mesangium, the endothelium of large vessels, and in the brush border of proximal tubules (19). ICAM-1 is also upregulated on both the pulmonary epithelium and endothelium during models of lung inflammatory disease (20, 21) . Moreover, anti-ICAM-1 antibodies inhibit leukocyte infiltration and ameliorate tissue injury during both lung inflammatory disease (22, 23) and autoimmune renal disease (24) .
The work presented here has determined the role of ICAM-1 in the development of lung and renal leukocyte accumulation by producing MRL/MpJ-Fas lpr mice deficient in this critical adhesion molecule. We have determined that lack of ICAM-1 completely abrogates the development of pulmonary inflammation but does not prevent the development of autoantibodies, lymphadenopathy, and glomerulonephritis. Furthermore, the lack of pulmonary inflammation was found to be due to decreased migration of leukocytes to the lung.
Methods

Generation of ICAM-1-deficient MRL/MpJ-Fas
lpr mice. ICAM-1-deficient mice were generated by homologous recombination (25) . The mutated alleles for ICAM-1 were then introduced into the MRL/lpr background by backcrossing ICAM-1 knockout mice with MRL/ MpJ-Fas lpr mice (The Jackson Laboratory, Bar Harbor, ME). Tail DNA from offspring was obtained at each generation, and Southern blots were used to determine the genotype of the progeny. The work described here results from analysis of mice in the eighth generation of backcrossing. Heterozygous mice were obtained when the eighth intercrossed with their siblings to produce MRL/MpJ-Fas lpr ICAM-1 ϩ / ϩ and MRL/MpJ-Fas lpr ICAM-1 Ϫ / Ϫ mice referred to throughout this manuscript as lpr/ICAM-1 ϩ / ϩ and lpr/ICAM-1 Ϫ / Ϫ mice, respectively. These two strains are the control and experimental strains of mice that are the subjects of this study. The denomination MRL/ MpJ-Fas lpr in this manuscript identifies exclusively the parental strain used for the backcrossing and as additional controls in some experiments.
Survival analysis. Kaplan-Meier estimates of survival probabilities were computed for both types of mice using the LIFETEST procedure in SAS. The Wilcoxon test statistic was used to assess the association between genotype and survival time and whether its effect varied by gender. A Cox proportional hazards model was used to test the significance of genotype and gender as predictors of survival time, using the PHREG procedure in SAS.
Assessment of lymphoid hyperplasia. To determine the effect of ICAM-1 on the development of the characteristic generalized lymphadenopathy observed in MRL/MpJ-Fas lpr mice, the cellularity of spleen and lymph nodes was assessed at intervals during the life span of mice. Spleen and lymph nodes (cervical, axial and mesenteric) were excised, and cell suspensions were prepared and counted.
Production of autoantibodies. Mice were bled from the tail vein at intervals from 6 to 18 wk. Levels of IgG or IgM antibodies reactive with either single-stranded (ss) or double-stranded (ds)DNA were determined in an ELISA (26) . For each sample, a semilog curve of serum dilution versus OD was plotted to obtain a midpoint titer. Reactivity of IgG or IgM antibodies with ss-or dsDNA was compared to that in 30-wk-old MRL/MpJ-Fas lpr mice. Histological assessment of organs. Kidneys and lungs were excised from mice killed at intervals throughout disease, and fixed in 10% formaldehyde in PBS, embedded in paraffin (Tissue-Tek; Miles Inc., Somerset, MA), and sectioned at 3 m. Morphological analysis was performed on sections stained with hematoxylin and eosin. Further, quantitative analysis was performed specifically on lung samples in order to compare both the extent and size of infiltration in lpr/ ICAM-1 ϩ / ϩ and lpr/ICAM-1 Ϫ / Ϫ mice. First, 100-m-diameter vessels were screened for the presence of a cellular infiltrate of at least three cells deep at a magnification of 400, with at least 100 vessels counted per section. To determine the sizes of pulmonary infiltrates in lpr-ICAM-1 ϩ / ϩ and lpr-ICAM-1 Ϫ / Ϫ mice, the area of lung tissue covered by infiltrate was calculated in sections at low power (at a magnification of 100) using NIH Image 1.56. At least six fields of at least 0.01 mm 2 were scanned, and the mean percentage area was determined for each mouse of each genotype.
Immunohistochemical determination of cellular proliferation. The in vivo incorporation of BrdU (Sigma Chemical Co., St. Louis, MO) was determined to assess the extent of cellular proliferation within lungs and kidneys (27) . Mice were injected intraperitoneally with 100 mg/kg BrdU (Sigma Chemical Co.) 90 min before killing and tissues were removed, fixed in 10% formaldehyde in PBS, and embedded in paraffin. 4-m sections were digested in 0.1% trypsin and then 1 M hydrochloric acid. Sections were then stained for BrdU using an avidin biotin staining method. Briefly, incorporated BrdU was detected by overnight incubation with a biotin-labeled monoclonal mouse anti-BrdU antibody (Caltag Labs., South San Francisco, CA), followed by streptavidin peroxidase (DAKO Corp., Carpinteria, CA) for 1 h, and then with peroxidase substrate solution (20 mg diaminobenzidine in 10 ml PBS containing 0.01% hydrogen peroxide) for 10 min.
To compare proliferation between groups of mice, sections were analyzed microscopically, and the percentage of positively stained cells was counted in perivascular areas in each section, with at least 500 cells counted per section. The fact that very few infiltrating cells were observed in lpr/ICAM-1 Ϫ / Ϫ mice necessitated counting cells from a much higher number of vessels compared to lpr/ICAM-1 ϩ / ϩ mice, where 500 cells were generally counted around only one or two vessels, thus introducing some bias in field selection in lpr/ICAM-1 Ϫ / Ϫ mice but not in lpr/ICAM-1 ϩ / ϩ mice.
In vivo lymphocyte migration assay. Leukocyte suspensions were prepared from cervical lymph nodes of 12-wk-old lpr/ICAM-1 ϩ / ϩ and lpr/ICAM-1 Ϫ / Ϫ mice, labeled with the fluorochrome PKH-26 (Sigma Chemical Co.) (28) , and injected intravenously into siblings of comparable genotype, sex, and age (10 7 cells per mouse). Mice were killed after 24 or 96 h, and lungs were excised, inflated with OCT compound (Cryoform, IEC, Needham Heights, MA), and frozen. These particular time points were chosen to avoid the possibility of observing solely the nonspecific sticking of cells within the lung vasculature that may occur after intravenous injection. Sections from each recipient mouse were fixed with 4% paraformaldehyde and mounted in Fluoromount (Southern Biotechnology Associates, Inc., Birmingham, AL). Labeling efficiency was calculated in cell smears prepared before injection, and in each sample Ͼ 97% of the cells were found to be labeled. Sections were examined under fluorescence illumination at a magnification of 400, and PKH-positive cells were enumerated within 15 randomly chosen fields per section, in duplicate sections per mouse. Cells were observed in lpr/ICAM-1 ϩ / ϩ mice (and to a lesser extent in lpr/ICAM-1 Ϫ / Ϫ mice) not in blood vessels but rather within the lung parenchyma, both in perivascular and peribronchiolar areas and in alveolar parenchyma.
Assessment of 24-h proteinuria. Urine protein excretion was measured in timed overnight specimens collected from individual mice kept in metabolism cages and assayed by the sulphosalicylic acid method (29) .
Results
ICAM-1 deficiency results in improved survival.
Mutant alleles for ICAM-1 were introduced to the MRL/lpr background by backcrossing ICAM-1-deficient mice with MRL/MpJ-Fas lpr mice for eight consecutive generations. ICAM-1-deficient mice were generated previously by gene targeting in embryonic stem cells (25) , and have been shown to be protected from a variety of inflammatory diseases, including septic shock, ischemia reperfusion injury, and arthritis (25, 30, 31) . The lpr-ICAM-1 ϩ / ϩ mice generated showed life spans comparable to those expected for MRL/MpJ-Fas lpr mice (3). ICAM-1 deficiency in MRL/MpJ-Fas lpr mice conferred an advantage in survival over lpr-ICAM-1 ϩ / ϩ mice, with the mean survival time increasing from 20.9 Ϯ 4.0 to 43.0 Ϯ 13.1 wk for female, and from 22.9 Ϯ 5.1 to 37.0 Ϯ 12.5 wk for male mice. The difference in survival times was found to be highly significant for both sexes ( P Ͻ 0.0001, Wilcoxon test). Proportional hazards analysis revealed that lpr-ICAM-1 ϩ / ϩ mice were more likely to die than lpr-ICAM-1 Ϫ / Ϫ mice, and that the risk of death may be influenced by the interaction between genotype and gender. Female lpr-ICAM-1 ϩ / ϩ mice were 20 times more likely to die (95% confidence interval 5.9, 67.8) than female lpr-ICAM-1 Ϫ / Ϫ mice ( Fig. 1 A ) , while male lpr-ICAM-1 ϩ / ϩ mice were 4.6 times more likely to die (95% confidence interval 1.7, 12.5) than male lpr-ICAM-1 Ϫ / Ϫ mice (Fig. 1 B ) . However, in this model, gender was only borderline statistically significant (c2 ϭ 4.96, 2d.f. P ϭ 0.08), possibly due to the relatively small sample size for this type of analysis.
Development of characteristic lupus phenotype. Since lupus is a polygenic disease, it is important to ensure that incorporation of the fraction ( Ͻ 0.4% by the eighth generation) of the 129SV ϫ C57Bl/6 genome carried with the ICAM-1 locus does not interfere with the development of the MRL/MpJ-Fas lpr phenotype, independent of the ICAM-1 deficiency. Therefore, careful analysis of lpr-ICAM-1 ϩ / ϩ mice was performed to determine that these mice developed the standard features of the MRL/MpJ-Fas lpr phenotype. A characteristic hallmark of MRL/MpJ-Fas lpr mice is profound hyperplasia of the spleen and lymph nodes (5). Since interactions mediated by ICAM-1 with its ligand(s) could be involved in both migration and proliferation of lymphocytes, the size and cellularity of spleens and three different sets of lymph nodes (cervical, axial, and mesenteric) were compared. ICAM-1 deficiency did not significantly affect the typical enlargement of spleen or any of the three sets of lymph nodes at any stage throughout disease development. Fig. 2 A illustrates the lack of difference in cellularities of spleens and cervical nodes from lpr-ICAM-1 Ϫ / Ϫ and lpr-ICAM-1 ϩ / ϩ mice. Similarly, the cellularities of axial and mesenteric nodes were not significantly different in the presence or absence of ICAM-1 in their genome [7.3Ϯ3.9 vs. 5.3Ϯ2.2 and 10.2Ϯ4.8 vs. 11.3Ϯ6.4 million cells/node (n ϭ 7 mice), respectively, at 11 wk]. There was no distinguishable difference in proportions of leukocyte subsets between groups of mice in any of the sets of lymph nodes or spleens, including the B220
Ϫ T cell population that is expanded in MRL/MpJ-Fas lpr mice (data not shown). The increase in spleen and lymph node size observed in lpr-ICAM-1ϩ/ϩ and lpr-ICAM-1Ϫ/Ϫ mice was found to be comparable to that characteristic of similarly aged MRL/MpJ-Fas lpr mice from the parental strain (Fig. 2 A) . The typical destruction of thymic architecture that occurs in mice of the parental MRL/MpJ-Fas lpr strain also developed in the lpr-ICAM-1 mice reported here, regardless of the presence or absence of ICAM-1 in their genome (data not shown).
Similarly, the lack of ICAM-1 did not influence the production of autoantibodies, as lpr-ICAM-1Ϫ/Ϫ mice developed antibodies reactive with ssDNA (data not shown) or dsDNA (Fig. 2 B) . The profile of antibody production was comparable between mice, and by 12 wk both groups produced levels of DNA-binding antibodies similar to these in wild-type MRL/ MpJ-Fas lpr mice. This finding was observed for antibodies reactive with either ds-or ssDNA of IgM (data not shown) and IgG ( Fig. 2 B and data not shown) isotypes. Both groups of lpr mice (ICAM-1ϩ/ϩ and ICAM-1Ϫ/Ϫ) also produced rheumatoid factor at later stages of disease at similar levels to those found in mice from the MRL/MpJ-Fas lpr parental strain (data not shown).
ICAM-1 deficiency protects against pulmonary inflammation. The most striking difference between lpr-ICAM-1ϩ/ϩ and lpr-ICAM-1Ϫ/Ϫ mice was in the integrity of lung architecture. lpr-ICAM-1ϩ/ϩ mice developed widespread perivascular and peribronchiolar mononuclear infiltrates by 12 wk of age (Fig. 3, A and B) . In contrast, the pulmonary architecture in lpr-ICAM-1Ϫ/Ϫ mice was normal, with mononuclear cells rarely present around larger vessels (Fig 3, C and D) and never around the airways. The infiltrates in lung tissue of lpr-ICAM-1ϩ/ϩ mice were composed of ‫ف‬ 50% T cells and 50% macrophages/monocytes, as determined by immunohistochemical phenotyping using antibodies specific for T cells (using Thy1) and mononuclear phagocytes (using MOMA-2) (data not shown), confirming previous descriptions (3, 32). There were scant numbers of neutrophils, and the infiltrate was generally confined to vessels near the larger airways. This phenomenon was not seen in younger mice (6 wk old) of either genotype, but was present in the majority of lpr-ICAM-1ϩ/ϩ mice by 11 weeks (as well as in mice of the parental MRL/MpJ-Fas lpr strain). Quantitative histological analysis revealed that lpr-ICAM-1ϩ/ϩ mice not only had greater numbers of infiltrates within their lungs, but also that infiltrates were of a significantly larger size. At 11 wk, Ͼ 60% of the vessels were surrounded by mononuclear infiltrates in the majority of the lpr-ICAM-1ϩ/ϩ mice, a significantly higher proportion than in lpr-ICAM-1Ϫ/Ϫ mice (P Ͻ 0.05, Mann-Whitney Wilcoxon test) (Fig. 3 E) . In addition, pulmonary infiltrates were consistently larger in lpr-ICAM-1ϩ/ϩ mice than in lpr-ICAM-1Ϫ/Ϫ mice; thus, a larger area was occupied by infiltrating cells (P Ͻ 0.005, Mann-Whitney Wilcoxon test) (Fig. 3 F) .
Role of ICAM-1 in migration and proliferation during pulmonary inflammation in lpr-ICAM-1 mice. ICAM-1 is thought to function as a key molecule in leukocyte migration as well as a costimulatory molecule to promote cell proliferation, and as such the lack of inflammatory infiltrate in the lungs of lpr-ICAM-1-deficient mice reflects the importance of ICAM-1 in these processes during lupus. To distinguish between these two processes during the development of pulmonary inflammation in MRL/MpJ-Fas lpr mice, the capacity of leukocytes to migrate or proliferate was examined in vivo. First, the potential of leukocytes to migrate to the lungs of lpr-ICAM-1ϩ/ϩ or lpr-ICAM-1Ϫ/Ϫ mice was assessed. Fluorescent-labeled lpr-ICAM-1ϩ/ϩ or lpr-ICAM-1Ϫ/Ϫ lymph node cells were injected into age-, sex-and genotype-matched recipients, and the lungs were excised 24 or 96 h later. Lung sections from these two groups of mice were analyzed to determine the number of fluorescent cells present in 15 randomly chosen fields at high power. Many more leukocytes migrated to the lungs of 12-wk-old lpr-ICAM-1ϩ/ϩ mice than in lpr-ICAM-1Ϫ/Ϫ mice at both 24 and 96 h after injection (Fig. 4 A) , and this difference was found to be highly significant (P Ͻ 0.05, Mann-Whitney Wilcoxon test).
To investigate the possibility that infiltrates arise in the lungs of MRL/MpJ-Fas lpr mice as a result of in situ proliferation of inflammatory leukocytes, we assessed the comparative numbers of these cells proliferating within the tissues of both lpr-ICAM-1ϩ/ϩ and lpr-ICAM-1Ϫ/Ϫ mice. We found that lack of ICAM-1 does not overtly affect the proliferative capacity of infiltrating leukocytes in the lung during disease, as shown in Fig. 4 B. In vivo labeling of cells with the proliferation marker BrdU revealed that ‫ف‬ 50% of the cells within pulmonary infiltrates were proliferating at the time of killing of either 12-wk-old lpr-ICAM-1ϩ/ϩ or lpr-ICAM-1Ϫ/Ϫ mice, with no difference in numbers discernible between groups of mice. It is important to stress that in order to make an estimate of the numbers of proliferating cells within the lungs of lpr-ICAM-1Ϫ/Ϫ mice, it was necessary to select those vessels which were surrounded by some cells-requiring examination of at least three large vessels. This indicates some bias in the analysis, since only one vessel per field was sufficient to determine proliferation in 500 cells from lpr-ICAM-1ϩ/ϩ mice.
Glomerulonephritis. Glomerulonephritis is a hallmark of disease in lupus-prone mice (2); therefore, to ascertain whether the abrogation of pulmonary infiltration was due to a generalized impairment in leukocyte migration to tissues, the development of renal disease was examined in lpr-ICAM-1ϩ/ϩ and lpr-ICAM-1Ϫ/Ϫ mice. Both groups of mice exhibited a diffuse proliferative nephritis that was variable among mice within groups. However, all mice showed some degree of renal abnormality, including perivascular accumulation of leukocytes (Fig. 5, A and B) , interstitial and glomerular infiltrates, capillary loop occlusion, and mesangial matrix expansion (Fig.  5 C) . Immunohistochemistry with specific antibodies determined that leukocytic infiltrates were found to be composed of ‫ف‬ 50% T cells and 50% mononuclear phagocytes in both groups of mice (data not shown). A comparable degree of proliferation was observed within infiltrates in both groups of mice (data not shown). In addition, levels of 24-h proteinuria were indistinguishable between groups of mice at 11 and 18 wk of disease.
Discussion
This work has examined the role of ICAM-1 in the development and pathogenesis of autoimmune disease occurring in MRL/MpJ-Fas lpr mice by producing MRL/MpJ-Fas lpr mice that are genetically deficient in this adhesion molecule. We have shown that, although ICAM-1 is not required for the development of the typical serological and lymphoid abnormalities associated with disease progression in these mice, an in- nate deficiency in ICAM-1 confers a significant survival advantage to MRL/MpJ-Fas lpr mice. Moreover, ICAM-1 is critically involved in the development of pulmonary but not renal inflammation.
In this study, the most striking difference between groups of mice was the increase in survival conferred on MRL/MpJFas lpr mice deficient in ICAM-1. The average survival time for MRL/MpJ-Fas lpr mice is ‫ف‬ 20 wk (3), and we found consistently that lpr-ICAM-1ϩ/ϩ mice obtained by intercrossing mice that were heterozygous mutants for ICAM-1 after eight generations of backcrossing with MRL/MpJ-Fas lpr mice show comparable life spans. However, we found that lack of ICAM-1 doubled the life span in lpr-ICAM-1Ϫ/Ϫ mice. The usual cause of death for mice of this strain is thought to be the profound glomerulonephritis that is characteristic of the disease in both mice and humans (3, 33) . However, we found that although renal pathology was comparable in lpr-ICAM-1Ϫ/Ϫ and lpr-ICAM-1ϩ/ϩ mice at all stages of disease, pulmonary inflammation was abrogated in the former. Thus, there seems to be an association between increased life span and lack of pulmonary inflammation, although we cannot determine whether lpr-ICAM-1ϩ/ϩ mice died as a result of lung or renal (C) Proliferation of cells in lungs from each group of mice was obtained by counting the proportion of positively stained cells within perivascular infiltrates, with at least 500 cells counted per section. Fields were selected at random within sections from lpr-ICAM-1ϩ/ϩ mice, but the selection in lpr-ICAM-1Ϫ/Ϫ mice was biased towards the few areas containing cells.
pathology. Nevertheless, degree of pulmonary inflammation may be an unanticipated factor influencing the life span of lupus-prone mice.
Pulmonary inflammation is a common feature of lupus in humans (34) and mice (3) . Lymphoid infiltration in MRL/ MpJ-Fas lpr mice has been found previously to be most prominent in the lung, with cells aggregating in the peribronchiovascular and hilar regions (6) . Similarly, we observed that mononuclear infiltrates were widespread in the lungs of lpr-ICAM-1ϩ/ϩ mice from 8 wk of age. However, this phenomenon was routinely absent in MRL/MpJ-Fas lpr mice deficient in ICAM-1, suggesting that ICAM-1 is critical for accumulation of leukocytes in the lung. ICAM-1 has been found previously to be a key molecule in the recruitment of T cells to the lung during allergic pulmonary disease (13, 21) . ICAM-1 is expressed by the vascular endothelium and the bronchiolar epithelium as well as by lymphocytes, and is thought to play a vital role in both the vascular and alveolar compartments in the initiation of lung inflammatory injury (23) .
Leukocytes can potentially accumulate in tissues as a result of increased migration of inflammatory cells or by proliferation of leukocytes. The results presented here indicate that the defect in development of pulmonary inflammation in lpr-ICAM-1Ϫ/Ϫ mice is at the level of migration rather than in proliferation. However, we cannot formally exclude that small differences in the proliferation rates of leukocytes in lpr-ICAM-1ϩ/ϩ and lpr-ICAM-1Ϫ/Ϫ mice could contribute to the markedly impaired migration of leukocytes to lungs of lpr-ICAM-1Ϫ/Ϫ mice and thus contribute to the final phenotype observed. The lack of inflammatory infiltrates in ICAM-1-deficient MRL/MpJ-Fas lpr mice was unique to the lung, since the degree of lymphadenopathy and the glomerular and interstitial infiltration in the kidneys was comparable in both groups of mice. Although ICAM-1 has been found to be upregulated in lupus nephritis in mice (19), it does not seem to be absolutely required for leukocyte infiltration of kidneys. This may be due to the equivalent levels of autoantibodies in serum of lpr-ICAM-1ϩ/ϩ and lpr-ICAM-1Ϫ/Ϫ mice. It is also possible that other adhesion molecules compensate in the absence of ICAM-1. The VCAM-1/VLA-4 as well as the ICAM-1/LFA-1 interactions have been highlighted as providing the predominant adhesive interactions at inflammatory sites during SLE (35). Based upon these results, we propose that pulmonary and renal inflammation arise during the same disease in this model by two different and distinct mechanisms. It has been suggested that humoral immunity is the critical trigger for induction of nephritis during lupus (36), and we found that autoantibody levels are comparable in lpr-ICAM-1ϩ/ϩ and lpr-ICAM-1Ϫ/Ϫ mice throughout the duration of disease. Autoantibodies may induce renal inflammation by forming in situ immune complexes (37) or by cross-reacting with glomerular structures (38) . Deposition of immune complexes may cause macrophage activation and thus the secretion of proinflammatory cytokines such as TNF, IFN␥, and IL-1, which may in turn induce expression of vascular adhesion molecule-1 on vascular endothelium-particularly in glomeruli (35). In contrast, pulmonary inflammation seems to occur independently of the influence of autoantibodies and seems to be related primarily with the ICAM-1-dependent accumulation of leukocytes in the lung.
This study has shown that ICAM-1 is critically involved in the development of pulmonary inflammation in MRL/MpJFas lpr mice, and that ICAM-1 deficiency prolongs the survival of these mice. Involvement of the lung in SLE may be as common as renal involvement and more common than involvement of the central nervous system (39) . Most studies indicate that pulmonary involvement occurs Ͼ 50% of the time in SLE (34), with autopsy series reporting an even greater frequency of involvement (40). The results of this study indicate that the role of ICAM-1 in pulmonary inflammation in patients with SLE merits further study.
